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ABSTRACT
We present a first joint analysis of the power spectra of the thermal Sunyaev-Zeldovich (tSZ)
effect measured by the Planck and the number density fluctuations of galaxies in the 2MASS
redshift survey (2MRS) catalog, including their cross-correlation. Combining these measure-
ments with the cosmic microwave background (CMB) data and CMB lensing of Planck
assuming a flat ΛCDMmodel, we constrain the mass bias parameter as B = 1.54± 0.098(1σ)
[(1 − b) = 0.649 ± 0.041, where (1 − b) ≡ B−1], i.e., the Planck cluster mass should be 35%
lower than the true mass. The mass bias determined by the 2MRS-tSZ cross-power spectrum
alone is consistent with that determined by the tSZ auto-power spectrum alone, suggesting that
this large mass bias is not due to obvious systematics in the tSZ data. We find that the 2MRS-
tSZ cross-power spectrum is more sensitive to less massive halos than the tSZ auto-power
spectrum and it significantly improves a constraint on the mass dependence of the mass bias.
The redshift dependence is not strongly constrained since the multipole range in which high
redshift clusters mainly contribute to the tSZ auto is dominated by the contaminating sources.
We conclude that no strong mass or redshift evolution of the mass bias is needed to explain
the data.
Key words: galaxies: clusters: general - galaxies: clusters: intracluster medium - cosmic
background radiation - cosmological parameters - cosmology: theory
1 INTRODUCTION
The angular power spectrum of the thermal Sunyaev-Zel’dovich
(tSZ) effect (Sunyaev & Zeldovich 1972) is very sensitive to the am-
plitude of matter density fluctuation, which is characterized by the
cosmological parameters Ωm and σ8 (Komatsu & Kitayama 1999;
Komatsu & Seljak 2002).
Recently thePlanck satellite provided an all-skymap of the tSZ
effect and its angular power spectrum (Planck Collaboration et al.
2016b). With this, they put a constraint on the combination of the
cosmological parameters, σ8Ω
3/8
m , independently from the primor-
dial CMB fluctuation. However, the derived value of σ8Ω
3/8
m de-
pends on the so-called mass bias parameter B, which is introduced
to account for the uncertainty in the cluster mass estimation in the
Planck analysis. It is defined as the ratio of the Planck cluster mass
and the true mass,
B = M500c,true/M500c,Planck, (1)
where M500c is the mass enclosed by the radius r500c within which
⋆ E-mail: makiya@mpa-garching.mpg.de
the average mass density is 500 times of the critical density of the
Universe. The mass bias B is related to the more commonly used
parameter (1 − b) as B = (1 − b)−1.
Using the gas pressure profile of Arnaud et al. (2010),
which is estimated from a local cluster sample observed
by XMM-Newton assuming the hydrostatic equilibrium (HSE),
Planck Collaboration et al. (2016b) reported that B = 1.25–1.67
is required to reconcile the tSZ power spectrum with the combined
constraints from the primordial CMB fluctuation, CMB lensing
and baryon acoustic oscillations. Several authors performed a re-
vised analysis of the tSZ power spectrum and obtained similar re-
sults (Horowitz & Seljak 2017;Hurier & Lacasa 2017; Salvati et al.
2018; Bolliet et al. 2018). From the simulation side, Dolag et al.
(2016) constructed the tSZ map from their Magneticum Pathfinder
Simulations and found that the mass bias of B = 1.2 gives a reason-
able agreement with the observations.
It has been thought that the mass bias mainly arises from
the assumption of the HSE with thermal pressure. The hydro-
dynamic simulations showed that the HSE mass underestimates
the true mass by 5–20% due to non-thermal pressure support
(e.g., Kay et al. 2004; Rasia et al. 2006, 2012; Nagai et al. 2007a;
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Piffaretti & Valdarnini 2008; Lau et al. 2009; Meneghetti et al.
2010; see also Shi & Komatsu 2014; Shi et al. 2015, 2016).
Other effects such as the calibration error of gas temperature
in X-ray observations may also contribute to the mass bias
(Schellenberger et al. 2015).
There are several surveys that have attempted to calibrate clus-
ter masses by weak gravitational lensing assuming that the lensing
mass is unbiased (von der Linden et al. 2014; Hoekstra et al. 2015;
Smith et al. 2016; Penna-Lima et al. 2017; Medezinski et al. 2018;
Sereno et al. 2017). The derived mass biases differ among those sur-
veys. Some studies found consistent results with the Planck, but the
other studies favored a smaller bias (B = 1.0–1.2). Since the cluster
samples in those surveys have different masses and redshift ranges,
it is still unclear whether the differences between surveys come from
systematic uncertainties or the mass and/or redshift evolution of the
mass bias (Andreon 2014; Sereno & Ettori 2017).
The cross-correlation technique offers a promising way to ad-
dress this issue. Taking the cross-correlation between the tSZ map
and other observables whose mass and redshift distribution is dif-
ferent from the tSZ effect provides us tomographic information. It
also enables us to check consistency between data sets. Another
advantage is that the cross-correlation measurements are free from
contamination in the tSZ map if the contamination does not cor-
relate with the respective observables. The uniqueness and effec-
tiveness of the cross-correlation technique are proven by recent
studies on the cross-correlation of the tSZ with, e.g., weak lensing
shear/convergence field (Hill & Spergel 2014; Van Waerbeke et al.
2014; Ma et al. 2015; Hojjati et al. 2017; Osato et al. 2018), X-ray
clusters (Hajian et al. 2013), and galaxy groups from the Sloan Dig-
ital Sky Survey (Vikram et al. 2017).
In this paper, we present a first joint analysis of the power
spectra of the tSZ effect and the number density fluctuations of
galaxies in the 2MASS redshift survey (2MRS; Huchra et al. 2012),
which is a spectroscopic follow-up of Two Micron All Sky Survey
(Skrutskie et al. 2006), including their cross-correlation. The an-
gular auto-power spectrum of the 2MRS galaxies is dominated by
galaxies living inside nearby groups and clusters (Ando et al. 2018).
By cross-correlating them with the tSZ map, we can investigate
physical properties of hot gas in the nearby halos and their rela-
tion with galaxy distributions. It may also provide a good constraint
on the local universe simulations, e.g., the Magneticum Pathfinder
simulation (Dolag et al. 2016) and ELUCID (Wang et al. 2014).
This paper is organized as follows. In Section 2 we describe
the data sets and measurement of auto- and cross-power spectra.
In Section 3 we outline the model of power spectra. In Section 4
we perform a joint analysis and obtain constraints on the model
parameters and discuss their implications for gas physics. We sum-
marize our results in Section 5. In Appendix A we investigate the
effect of the tSZmap reconstruction methods. In Appendix Bwe de-
scribe systematic uncertainties in the covariance matrix estimation.
Throughout the paper, we assume a flat Λ-CDM cosmology.
2 DATA SETS
2.1 Construction of the maps
2.1.1 Compton-Y
The tSZ effect is characterized by the Compton-Y parameter, which
is defined as (Sunyaev & Zeldovich 1972)
y =
∫
ne
kBTe
mec2
σT ds, (2)
where kB is the Boltzmann constant, me is the electron mass, c
is the speed of light, σT is the Thomson scattering cross section,
ds is the distance along the line of sight, and ne and Te are the
electron density and temperature. The temperature distortion of the
cosmic microwave background (CMB) caused by the tSZ effect at
a frequency ν is given by
∆T
TCMB
= g(ν)y. (3)
Neglecting relativistic corrections, g(ν) = x coth(x/2) − 4 with
x ≡ hν/(kBTCMB) and TCMB = 2.725 K.
For the tSZ data, we use the full sky Compton-Y map provided
in the Planck 2015 public data release (Planck Collaboration et al.
2016b). The Planck public data include two Compton-Y maps,
namely, MILCA and NILC, which use different map reconstruction
methods. We estimate the cross-power spectra between the 2MRS
map and both Compton-Y maps and find that they agree with each
other within the error (see Appendix A for details). In the rest of
this paper, we show the results for the NILC map unless otherwise
noted.
The tSZ map is contaminated by the strong thermal dust emis-
sion from our Galaxy as well as by emission of the infrared (IR)
and radio point sources. To reduce the contamination we apply the
Galactic mask, which masks ∼ 40% of the sky, and the point source
mask provided by the Planck. Combining the Galactic mask and
the point source mask, the fraction of the sky available for analysis
becomes f
yy
sky
= 0.494.
2.1.2 2MRS
We use the galaxy catalog obtained by the 2MRS (Huchra et al.
2012). Figure 1 shows the redshift distribution of the 2MRS galax-
ies, which is well modeled as
dNg
dz
= Ng
n
z0Γ[(m + 1)/n]
(
z
z0
)m
exp
[
−
(
z
z0
)n]
, (4)
with m = 1.31, n = 1.64, and z0 = 0.0266 (Ando et al. 2018). The
total number of the galaxies in the 2MRS catalogue in the unmasked
pixels is Ng = 43182. The median redshift of the 2MRS galaxies is
zmed = 0.028.
From the catalog we construct the pixel-based density fluctu-
ation map of the 2MRS galaxies using the HEALPix1 (Górski et al.
2005) package, at the same pixel resolution as the PlanckCompton-
Y map, Nside = 2048. The density fluctuation of galaxies δg is
defined as
δg =
ng − n¯g
n¯g
, (5)
where n¯g = 1.0 × 10
−3 is the mean number of galaxies per pixel
outside the mask, and ng is the number of galaxies in a given pixel.
Following Ando et al. (2018), we mask the Galactic plane re-
gion and the small regions in which the redshift completeness is
low (Lavaux & Hudson 2011). With this mask, the sky fraction of
the 2MRS galaxy density map is f
gg
sky
= 0.877.
For further details of the map construction methods and clus-
tering properties of the 2MRS galaxies, see Ando et al. (2018).
1 http://healpix.jpl.nasa.gov
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Figure 1. The redshift distribution of 2MRS galaxies. The black solid line
show the fitting function, Eq. (4).
.
2.2 Power spectra
To compute tSZ auto-, 2MRS auto- and tSZ-2MRS cross-power
spectra, we use the public code anafast in the HEALPix package
(Górski et al. 2005). The mode coupling effect induced by the mask
is corrected by the MASTER algorithm (Hivon et al. 2002). We use
the cross power spectrum of the tSZ and 2MRS masks to correct
the masking effect in the tSZ-2MRS cross power spectrum. The
pixelization and beam smearing effects are corrected by dividing
the measured power spectra by the square of the window function
wl ,
wl =


plbl (tSZ auto)
pl (2MRS auto)√
p2
l
bl (tSZ-2MRS cross)
, (6)
where pl is the pixel window function for Nside = 2048 and bl is the
beam window function of the Planck. We assume that the Planck
beam is approximated by a circular Gaussian with the FWHM of
10′ (Planck Collaboration et al. 2016b).
In the following, we denote an angular power spectrum be-
tween observables A and B as CAB
l
. For example, the galaxy auto
power spectrum is written as C
gg
l
, while the galaxy-tSZ cross power
spectrum isC
gy
l
. We bin all the power spectra in 19 bins that are log-
arithmically equally spaced in multipole l (covering 9 < l < 1411),
weighted by l(l + 1).
The measured power spectra are summarized in Table 1.
2.2.1 The tSZ auto power spectrum
Following Planck Collaboration et al. (2016b), we cross-correlate
Compton-Y maps from the first and second halves of the data to
obtain the angular auto power spectrum of the tSZ signal.
While the cross-correlation between the first and second halves
of the data reduces the instrumental noise bias, there still remains
some contamination from the cosmic infrared background (CIB)
and residual IR and radio point sources. In the analysis of the power
spectra, we take into account the contamination from those sources
(see Section 3.1.1 and 4.2 for details).
In the middle panel of Figure 2, we show the measured tSZ
auto power spectrum with the contaminating sources subtracted as
described in Section 3.1.1.
2.2.2 The 2MRS auto power spectrum
The galaxy auto power spectrum is measured from the density fluc-
tuation map described in Section 2.1.2 by also using anafast and
MASTER. We employ the same procedure as in Ando et al. (2018)
to subtract the shot noise term. First, we randomly divide the galaxy
catalog into two subsets, both of which contain roughly the same
number of galaxies. Then we convert these two subsets into the den-
sity fluctuation map, δg,1 and δg,2, and construct a half-sum (HS)
and a half-difference (HD) map from them:
HS =
δg,1 + δg,2
2
, HD =
δg,1 − δg,2
2
. (7)
Since the power spectrum measured from the HSmap contains both
signal and noise while that from the HD map contains only noise,
the galaxy auto power spectrum is estimated as
C
gg
l
= C
gg,HS
l
− C
gg,HD
l
. (8)
In the top panel of Figure 2 we show the measured galaxy auto
power spectrum.
2.2.3 The tSZ-2MRS cross power spectrum
We use anafast and MASTER to measure the tSZ-galaxy cross
power spectrum from the Planck full mission Compton-Y map and
the HS map of the 2MRS galaxies.
In the bottom panel of Figure 2 we show the measured tSZ-
galaxy cross power spectrum. The signal is detected with the signal-
to-noise ratio of 9.92 (l < 500), which is calculated as
(
S
N
)2
= (C
gy
l=10
, . . . ,C
gy
l=436
)Cov−1(C
gy
l
,C
gy
l′
)(C
gy
l=10
, . . . ,C
gy
l=436
)⊺,
(9)
where Cov(C
gy
l
,C
gy
l′
) is the covariance matrix of the cross-power
spectrum described in Section 4.1.
As shown in Planck Collaboration et al. (2016b), contamina-
tions from the CIB and IR and radio point sources begin to dominate
the angular power spectrum of Compton-Y at higher multipoles. As
the CIB is thought to mainly come from relatively higher redshift
(z ∼ 1), it should not correlate with the 2MRS galaxies in the local
universe (z < 0.1). On the other hand, the redshift distribution of
the residuals of IR and radio point sources are still unclear and it
could correlate with the 2MRS sources. Thus we decide not to use
C
gy
l
at l > 500 in the parameter fitting.
3 MODEL
In this section we describe our model of the auto- and cross-power
spectra.
We define the virial mass of a dark matter halo (M ≡ Mvir) as
the mass enclosed within the virial radius rvir, which is the one that
contains average mass density of ∆vir(z) times the critical density
of the Universe at z = 0, where ∆vir ≡ 18π
2
+ 82d − 39d2 with
d ≡ Ωm(1 + z)
3/[Ωm(1 + z)
3
+ ΩΛ] − 1 (Bryan & Norman 1998).
Other definitions of the mass and radius are expressed in the same
way, e.g., r200c and M200c denote the radius which encloses the
200 times the critical density and the mass enclosed within that
MNRAS 000, 1–14 (2017)
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l C
gg
l
σG(C
gg
l
) σNG(C
gg
l
) C
yy
l
σG(C
yy
l
) σNG(C
yy
l
) C
gy
l
σG(C
gy
l
) σNG(C
gy
l
)
10 7.18e-03 1.42e-03 3.28e-04 2.68e-16 1.52e-16 8.83e-15 4.37e-10 2.31e-10 6.06e-10
13 5.18e-03 7.77e-04 2.65e-04 5.59e-16 1.47e-16 4.32e-15 3.55e-10 2.08e-10 4.03e-10
18 3.84e-03 4.52e-04 2.09e-04 4.32e-16 1.13e-16 2.08e-15 4.34e-10 1.27e-10 2.69e-10
23 2.42e-03 2.39e-04 1.61e-04 3.92e-16 8.12e-17 1.06e-15 3.72e-10 7.94e-11 1.81e-10
30 1.66e-03 1.31e-04 1.21e-04 2.25e-16 3.63e-17 5.49e-16 2.07e-10 3.87e-11 1.21e-10
40 1.27e-03 7.74e-05 8.63e-05 1.34e-16 1.76e-17 2.79e-16 1.59e-10 2.02e-11 7.82e-11
52 9.71e-04 4.85e-05 5.96e-05 1.10e-16 9.90e-18 1.41e-16 1.04e-10 1.26e-11 4.90e-11
68 7.68e-04 3.13e-05 4.05e-05 6.44e-17 5.00e-18 7.28e-17 7.04e-11 6.92e-12 3.02e-11
89 5.15e-04 1.76e-05 2.68e-05 5.05e-17 3.10e-18 3.74e-17 4.95e-11 4.05e-12 1.79e-11
117 3.86e-04 1.14e-05 1.73e-05 4.78e-17 2.17e-18 1.92e-17 3.38e-11 2.77e-12 1.02e-11
152 2.88e-04 7.39e-06 1.10e-05 3.33e-17 1.38e-18 9.89e-18 2.41e-11 1.70e-12 5.64e-12
198 2.04e-04 4.90e-06 6.86e-06 2.32e-17 8.45e-19 5.16e-18 1.59e-11 1.05e-12 3.00e-12
257 1.45e-04 3.26e-06 4.19e-06 1.85e-17 5.73e-19 2.68e-18 9.35e-12 6.91e-13 1.52e-12
335 1.02e-04 2.23e-06 2.52e-06 1.32e-17 4.03e-19 1.38e-18 6.43e-12 4.52e-13 7.23e-13
436 7.41e-05 1.60e-06 1.50e-06 9.29e-18 2.80e-19 7.17e-19 3.56e-12 3.07e-13 3.28e-13
567 5.04e-05 1.15e-06 8.99e-07 5.92e-18 2.09e-19 3.71e-19 2.24e-12 2.05e-13 1.41e-13
738 3.29e-05 8.37e-07 5.41e-07 3.94e-18 1.65e-19 1.91e-19 1.32e-12 1.42e-13 5.73e-14
959 2.40e-05 6.27e-07 3.30e-07 3.00e-18 1.46e-19 9.78e-20 2.47e-13 1.02e-13 2.21e-14
1247 1.66e-05 4.76e-07 2.05e-07 2.06e-18 1.58e-19 4.95e-20 5.64e-13 7.57e-14 8.14e-15
Table 1. The 2MRS auto-, Compton-Y auto- and 2MRS and Compton-Y cross-power spectra. The best-fitting models of the contaminating sources are
subtracted from the tSZ auto. The Gaussian and non-Gaussian errors, σG and σNG, are also shown. See section 4 for details.
radius. To convert mass from one definition to another, we use the
fitting formulae of Hu & Kravtsov (2003) assuming the Navarro-
Frenk-White (NFW) density profile (Navarro et al. 1997) and the
mass-concentration relation of Sánchez-Conde & Prada (2014).
Bolliet et al. (2018) reported that the uncertainty in the model
of the mass-concentration relation has non-negligible effects on the
computed tSZ power spectrum through the mass conversion. To
avoid this uncertainty, we use the mass function for M500c, since
the electron pressure profile is parameterized as a function of M500c
and r500c (see Section 3.1.1). On the other hand, the galaxy power
spectrum is modeled as a function of the virial mass, thus the model
parameters related to the galaxy power spectrum depend on the
model of the mass-concentration relation.
3.1 Halo model
To compute the angular power spectrum, we use the halo model
(Komatsu & Kitayama 1999; Seljak 2000). In this framework the
power spectrum is divided into intra-halo (1-halo) and inter-halo
(2-halo) terms as CAB
l
= C
AB,1h
l
+ C
AB,2h
l
. The 1-halo term is
defined as
C
AB,1h
l
=
∫ zmax
zmin
dz
dV
dzdΩ
∫ Mmax
Mmin
dM
dn
dM
u˜A
l
(M, z)u˜B
l
(M, z), (10)
where u˜A
l
(M, z) and u˜B
l
(M, z) are the 2D Fourier transform of the
projected distribution of observables A and B, respectively. For the
model of the dark matter halo mass function, dn/dM, we use the
Magneticum Pathfinder simulation (Bocquet et al. 2016), with the
parameters for “M500c Hydro” which is for M500c and the baryonic
effects are taken into account. For the mass and redshift range of
integration, we find that 1×1010h−1M⊙ < M500c < 1×10
16h−1M⊙
and 1 × 10−5 < z < 6 suffice to get the integral to converge (see
Section 3.2 and Figure 3 later).
The 2-halo term is written as
C
AB,2h
l
=
∫ zmax
zmin
dz
dV
dzdΩ
bA
l
(z)bB
l
(z)Plin(l/χ, z), (11)
where Plin(k, z) is the linear matter power spectrum computed with
CAMB (Lewis et al. 2000; Howlett et al. 2012), and bA
l
and bB
l
are
the scale dependent bias of the observables A and B, which will be
described in Section 3.1.1 and 3.1.2.
3.1.1 tSZ model
The tSZ term in Eq. (10), u˜
y
l
, is given by (Komatsu & Seljak 2002)
u˜
y
l
(M, z) =
4πr500c
l2
500c
∫ xmax
xmin
dxx2y3D(x)
sin(l x/l500c)
l x/l500c
, (12)
where x ≡ r/r500c , l500c ≡ DA/r500c, and DA is the proper angular
diameter distance. The integral is performed between xmin = 1 ×
10−6 and xmax = 6. The radial distribution of Compton-Y, y3D(x),
is written by an electron pressure profile Pe(x) as
y3D(x) =
σT
mec2
Pe(x). (13)
We use (Arnaud et al. 2010)
Pe(x) = 1.65(h/0.7)
2 eV cm−3
× E8/3(z)
[
M500c
3 × 1014(0.7/h)M⊙
]2/3+αp
p(x),
(14)
withE(z) ≡ H(z)/H0. The generalizedNFWprofile, p(x), is defined
by (Nagai et al. 2007b)
p(x) ≡
P0(0.7/h)
3/2
(c500x)
γ[1 + (c500x)
α](β−γ)/α
. (15)
We use the best-fitting parameter values determined by the analysis
of stacked pressure profiles ofPlanck tSZ clusters: P0 = 6.41,c500 =
1.81, α = 1.33, β = 4.13, and γ = 0.31 (Planck Collaboration et al.
2013).
The parameterαp represents a deviation from the standard self-
similar solution, i.e. αp = 0 for self-similar. Arnaud et al. (2010)
find αp = 0.12 from their X-ray sample.
As already mentioned in Section 1, the mass-pressure relation
MNRAS 000, 1–14 (2017)
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Figure 2. (Top) 2MRS auto-, (Middle) tSZ auto- and (Bottom) 2MRS-tSZ
cross-power spectra. The squares show the measured power spectra while
the black lines are the best-fitting model described in Section 3.1. The cross
power spectrum data at l > 500 shown by the open squares are not used
in the parameter fitting (see Section 2.2.3). The dashed lines are the 1-halo
(intra-halo) terms, the dot-dashed lines are the 2-halo (inter-halo) terms,
and the solid lines are the sum of them. The error bars denote the diagonal
terms of the covariance matrix which is described in Section 4.1. For the
tSZ power spectrum the error also includes uncertainties in the model of
contaminating sources (see Section 3.1.1).
.
Eq.(14) is calibrated against the X-ray cluster sample whose mass
tends to be biased low. To take into account this effect we intro-
duce the mass bias parameter B and rescale the M500c and r500c in
Equations (12) and (14) to M500c/B and r500c/B
1/3, respectively.
We also consider a redshift evolution of B by introducing another
free parameter ρ as B(z) = B(1 + z)ρ.
For the 2-halo term of the power spectra, the tSZ bias b
y
l
is
written as (Komatsu & Kitayama 1999)
b
y
l
(z) =
∫ Mmax
Mmin
dM
dn
dM
u˜
y
l
(M, z)blin(M, z), (16)
where blin(M, z) is the linear halo bias of Tinker et al. (2010).
In addition to the tSZ term, the auto-power spectrum of
the Compton-Y map also contains the signal from the residual
foreground sources: clustered CIB; radio point sources; IR point
sources; Galactic thermal dust emission; and correlated noise. In
the multipole range we used in the analysis (9 < l < 1411), we can
neglect the residual signals from Galactic thermal dust emission
(Planck Collaboration et al. 2016b). Assuming that the signals from
these components do not correlate with each other, the measured
Compton-Y map auto power spectrum is modeled as
C
yy,tot
l
= C
yy
l
+ ACIBC
CIB
l
+ AIRC
IR
l
+ ARadC
Rad
l
+ ACNC
CN
l
, (17)
where C
yy
l
is the tSZ power spectrum described in Section 3, and
CCIB
l
, CIR
l
, CRS
l
, and CCN
l
are the power spectra of the clus-
tered CIB, IR and radio point sources and the correlated noise,
respectively. For these noise terms, we use the templates taken
from Planck Collaboration et al. (2016b). The normalization fac-
tors ACIB, AIR and ARS are treated as free parameters. Following
Bolliet et al. (2018) we fix ACN = 0.903 to reproduce the C
yy,tot
l
at
l = 2742, since the power spectrum is dominated by the correlated
noise at this highest multipole.
3.1.2 2MRS model
The galaxy term of Eq. (10), u˜
g
l
, is given by (Ando et al. 2018)
u˜
g
l
=
Wg(z)
χ2
1
〈ng(z)〉
×
√
2〈Nsat |Mvir〉u˜sat(k, Mvir) + 〈Nsat |Mvir〉
2u˜sat(k, Mvir)
2,
(18)
where χ is the comoving distance to a galaxy at a redshift z, Wg(z)
is the redshift kernel of galaxies defined as Wg ≡ (dng/dz)(dz/dχ)
and dng/dz is the redshift distribution of the 2MRS galaxies defined
by Eq. (4).
The function u˜sat(k, M) is the Fourier transform of the radial
distribution of satellite galaxies, normalized to 1 at k = 0. We
assume that the distribution of satellite galaxies, usat, follows a
truncated NFW profile (Navarro et al. 1997), characterized by the
scale radius of galaxies rs,g and the maximum radius rmax,g as,
usat(r, M) ∝
1
(r/rs,g)(r/rs,g + 1)2
Θ(rmax,g − r), (19)
where Θ is the Heaviside step function. We assume that rs,g is pro-
portional to the NFW scale radius rs, and treat rs,g/rs as a free
parameter. To compute rs we again use the mass-concentration re-
lation of Sánchez-Conde & Prada (2014).
For the halo occupation distribution (HOD) functions, which
determine the mean number of central galaxies, 〈Ncen |Mvir〉, and
that of satellite galaxies, 〈Nsat |Mvir〉, as a function of dark matter
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halo mass Mvir, we adopt the following expressions (Zheng et al.
2005)
〈Ncen |Mvir〉 =
1
2
[
1 + erf
(
log Mvir − log Mmin
σlogM
)]
, (20)
〈Nsat |Mvir〉 =
(
Mvir − M0
M1
)αg
Θ(Mvir − M0), (21)
where erf is the error function, and Mmin,σlogM , M0, M1 and αg are
free parameters. FollowingAndo et al. (2018), we fixσlogM = 0.15
and M0 = Mmin. The latter condition means that satellite galaxies
form only in halos that host a central galaxy. The mean number
density of galaxies at a redshift z, 〈ng(z)〉, is written by the HOD
functions as
〈ng(z)〉 =
∫ Mmax
Mmin
dM
dn
dM
[〈Ncen |Mvir〉 + 〈Nsat |Mvir〉]. (22)
For the 2-halo term, the scale-dependent galaxy bias b
g
l
(z) is
given by
b
g
l
(z) =
Wg(z)
χ2
1
〈ng(z)〉
∫ Mmax
Mmin
dM
dn
dM
[〈Ncen |Mvir〉
+ 〈Nsat |Mvir〉u˜sat(l/χ, Mvir)]blin(M, z),
(23)
where bl(M, z) is again the linear halo bias of Tinker et al. (2010).
3.2 Redshift and mass distribution
Figure 3 shows the redshift distribution of C
AB,1h
l
,
d lnC
AB,1h
l
d ln z
=
z dV
dzdΩ
∫
dM dn
dM
u˜A
l
(M, z)u˜B
l
(M, z)∫
dz dV
dzdΩ
∫
dM dn
dM
u˜A
l
(M, z)u˜B
l
(M, z)
, (24)
and the mass distribution of C
AB,1h
l
,
d lnC
AB,1h
l
d ln M
=
M
∫
dz dV
dzdΩ
dn
dM
u˜A
l
(M, z)u˜B
l
(M, z)∫
dz dV
dzdΩ
∫
dM dn
dM
u˜A
l
(M, z)u˜B
l
(M, z)
. (25)
Here we fix the model parameters at the best-fitting value (see
Section 4.2 and Table 3).
The tSZ auto power spectrum has a broad redshift distribu-
tion while the 2MRS auto and the 2MRS-tSZ cross have a narrow
distribution biased to low-z, by construction.
A large fraction of the tSZ auto power spectrum is explained by
massive halos (M500c > 10
14M⊙) since u˜
y
l
scales with M
5/3
500c
. On
the other hand, less massive halos dominate the galaxy-tSZ cross
power particularly at smaller scales.
3.3 Parameter dependence
In this section, we show how the computed power spectra vary with
the model parameters to understand what we can learn from the
joint analysis. Since the 2-halo terms have only minor contributions
to the total power spectra within the multipole range we explored,
we only show the 1-halo terms.
3.3.1 Cosmological parameters
Bolliet et al. (2018) reported that the cosmological parameter de-
pendence of the power spectrum amplitude of tSZ is well approxi-
mated by
C
yy
l
∝ σ8.18 Ω
3.2
m h
−1.7 for l . 103 . (26)
We find that the scaling of the tSZ-2MRS cross-power spec-
trum is well approximated by a square root of this scaling relation
of the tSZ auto power spectrum. The galaxy term of the cross-power
spectrum is less sensitive to the amplitude of the matter density fluc-
tuation. Therefore the scaling of the cross-power spectrum ampli-
tude with the cosmological parameters is determined approximately
by the tSZ term alone.
3.3.2 Gas physics parameters
Figure 4 shows the dependence on the parameters related to the
halo mass-electron pressure relation given in Eq.(14), B, αp and ρ.
The dependence on the bias B is approximated as C
yy
l
∝ B−3.2 and
C
gy
l
∝ B−1.6, which is the same as Ωm. The parameters σ8, Ωm, h
and B affect mostly the overall amplitude of C
yy
l
and C
gy
l
but less
the shape of the power spectra. Therefore these three parameters
would be degenerate.
The dependence on the parameter αp , which determines the
slope of the halo mass–pressure relation, differs between the tSZ
auto and galaxy-tSZ cross.
As shown in the Figure 3 the mass range of the halos which
dominate the tSZ auto is relatively narrow, thus it is not sensitive
to αp. At lower multipoles, the cross power spectrum is dominated
by the halos whose mass is close to the pivot mass in Eq.(14),
3× 1014(0.7/h)M⊙ ; thus, the effect of αp is not significant. On the
other hand, as the cross power is dominated by the lessmassive halos
at higher multipoles, the amplitude decreases with the increase of
αp .
The redshift evolution parameter ρ affects significantly on the
tSZ auto-spectrum at smaller scales, since the power spectrum is
dominated by the high-z clusters which appear smaller on the sky.
The C
gy
l
is nearly independent of ρ by construction.
4 INTERPRETATION
4.1 Covariance matrix of the power spectra
To perform a likelihood analysis, we need to calculate a covariance
matrix of power spectra. We approximate a covariance as a sum of
Gaussian and non-Gaussian components,
Cov(CAB
l1
,CCD
l2
) = CovG(CAB
l1
,CCD
l2
) + CovNG(CAB
l1
,CCD
l2
). (27)
The Gaussian term of the covariance matrix is written as
(Hu & Jain 2004)
CovG(CAB
l1
,CCD
l2
) =
δl1l2
f
AB,CD
sky
(2l1 + 1)∆l1
[
CˆAC
l1
CˆBD
l2
+ CˆAD
l1
CˆBC
l2
]
,
(28)
where δ is the Kronecker delta, ∆l is the size of multipole bin,
f
AB,CD
sky
is the available sky fraction, and CˆAB
l
is the measured
power spectrum including the noise.
The non-Gaussian term can be approximated by the Poisson
term of the trispectrum TABCD
l1l2
as (e.g., Komatsu & Seljak 2002)
CovNG(CAB
l1
,CCD
l2
) =
1
4π f
AB,CD
sky
TABCD
l1l2
, (29)
and
TABCD
l1l2
=
∫
dz
dV
dzdΩ
∫
dM
dn
dM
u˜A
l1
u˜B
l1
u˜C
l2
u˜D
l2
. (30)
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Figure 3. Redshift (Left) and mass (Right) distributions of the 2MRS auto- (Top), the tSZ auto- (Middle) and the 2MRS-tSZ cross power spectrum (Bottom)
at multipoles of l =10, 100 and 1000.
Since we apply different masks to the 2MRS map and tSZ
map, fsky differs depending on the combinations of observables.
As already mentioned in Section 2, fsky becomes f
gg
sky
= 0.877 for
the 2MRS auto and f
yy
sky
= 0.494 for the tSZ auto. We approximate
a fsky of the cross power spectrum as f
gy
sky
=
√
f
gg
sky
f
yy
sky
following
Page et al. (2007). We also assume that fsky of the cross covariance
is written in the same way, i.e., f
gg,gy
sky
=
√
f
gg
sky
f
gy
sky
.
The estimated cross-correlation coefficient matrix is shown
in Figure 5. As already pointed out by the previous work (e.g,
Komatsu & Seljak 2002; Bolliet et al. 2018), different multipole
bins of the tSZ power spectrum are strongly correlated. The co-
variance of the 2MRS auto and the 2MRS–tSZ cross also shows
strong mode coupling. It may be due to nearby massive clusters,
which add a power at all multipole ranges (see Ando et al. 2018 for
more details).
We also estimate the covariance matrix by using the Jackknife
technique and obtain roughly consistent results with the covariance
presented above. See Appendix B for more details.
4.2 Parameter fitting
To compute the posterior probability distribution of the model pa-
rameters ϑ given the data set d, P(ϑ |d), we use Bayes’ theorem:
P(ϑ |d) ∝ P(ϑ)L(d |ϑ), (31)
where L(d |ϑ) is the likelihood of the data given a model with ϑ.
For the cosmological parameters, we consider a multivariate Gaus-
sian prior taking into account the constraints from the Planck CMB
observations, as described in detail below. For the other parame-
ters, we assume flat priors, i.e., P(ϑ) = constant within the range
presented in Table 3 and P(ϑ) = 0 otherwise. In order to explore
the parameter space efficiently, we use the Markov-Chain Monte
Carlo (MCMC) technique. To this end we use the CosmoMC package
(Lewis & Bridle 2002).
There are several free parameters in our model. For the galaxy
term, the HOD parameters M0, M1 and αg, and the parameters
for the radial distribution of satellite galaxies, rs,g and rmax,g, are
treated as free. For the tSZ term, the mass bias B, its redshift evolu-
tion parameter ρ, and the index of the mass-pressure relation αp are
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Figure 4. Dependence of the tSZ auto (Top) and the 2MRS-tSZ cross power spectrum (Bottom) on B, αp and ρ. We only vary a single parameter while the
others are fixed at the best-fitting values. Only the 1-halo term is shown.
treated as free. In addition to them, the amplitude of the contaminat-
ing sources, ACIB, AIR and ARS, are also free. For the cosmological
parameters, we treat all 6-parameters, i.e., Ωbh
2, Ωch
2, θs , As, ns
and τreio as free.
For the data set d, we use the measured 2MRS auto-, tSZ auto-
and 2MRS-tSZ cross power spectra. We use the multipole range
of 10 < l < 1247 for the 2MRS auto and the tSZ auto, but used
only up to l < 500 for 2MRS-tSZ cross since there would be a
contamination from IR and radio point sources and it is difficult to
model their correlation with the 2MRS sources.
In addition to the power spectra, we also use the number of
2MRS galaxies within z < 0.01, Nz<0.01
2MRS
= 3200, in which the
sample is safely volume-limited, to ensure that themodel reproduces
the number count of galaxies (Ando et al. 2018).
We approximate the data likelihood as a multivariate Gaussian:
−2 lnL(d |ϑ) = ∆⊺Cov−1∆
+ ∆cosmo
⊺CovCMB
−1
∆cosmo
+
[Nz<0.01
th
(ϑ) − Nz<0.01
2MRS
]2
Nz<0.01
2MRS
+ ln |det Cov|
+ const., (32)
where the vector ∆ denotes the difference between the model power
spectra given the parameter set ϑ and those measured from the
observation. As the non-Gaussian terms of the covariance matrix
depend on the model parameters, we calculate them at each step of
MCMC.
The second term in the Eq.(32) corresponds to the prior infor-
mation on the cosmological parameters from the CMB. The vector
∆cosmo is the difference between the proposed value of the cosmo-
logical parameters and its mean value from CMB.Wemeasured the
mean value and covariance matrix of the cosmological parameters
from theMCMC chains of "TT+lowP+lensing" model which is pro-
vided by the Planck (Planck Collaboration et al. 2016a). The mean
values are: Ωbh
2
= 0.0223, Ωch
2
= 0.1186, 100θs = 1.04103,
τreio = 0.0659, ln(10
10As) = 3.0623 and ns = 0.9677. The covari-
ance matrix CovCMB is shown in Table 2.
For all the fitting results presented in the following sections,
we use the prior information from the Planck CMB + CMB lensing
and the number of 2MRS galaxies at z < 0.01.
4.3 Results
4.3.1 Base-line model
First, we perform a MCMC fitting fixing αp at 0.12, which is the
value obtained from the analysis of nearby X-ray cluster sample
(Arnaud et al. 2010), and ρ = 0, to explore the simplest model. The
best-fitting model gives χ2 = 54.2 for 45 degrees of freedom (i.e.,
60 data points and 15 parameters). The probability to exceed is 0.16.
The posterior distributions of the model parameters are shown in
Figure 6 and summarized in Table 3. We find reasonable values
of the HOD and galaxy distribution parameters. See Ando et al.
(2018) for the details of the interpretation of the 2MRS auto-power
spectrum.
The constraints on the cosmological parameters are not im-
proved from the Planck results since they are degenerate with the
mass bias. Within the uncertainty of the cosmological parameters,
the mass bias B is constrained to be B = 1.54 ± 0.098 (mean and
1σ), which is slightly tighter than the constraint from the tSZ auto
alone, 1.56 ± 0.103. This result suggests that the Planck cluster
mass, which is calibrated against the X-ray observations of local
cluster sample (Arnaud et al. 2010), should be 35% lower than the
true mass to be consistent with the cosmological parameters of
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Figure 5. Cross-correlation coefficient matrix of the auto and cross-power spectra, calculated by the analytic formula given in Eq.(27). Non-Gaussian term is
also included.
Ωbh
2
Ωch
2 100θs τreio ln(10
10As ) ns
Ωbh
2 5.353 × 10−8 −2.679 × 10−7 5.121 × 10−8 1.945 × 10−6 3.443 × 10−6 8.213 × 10−7
Ωch
2 3.937 × 10−6 −3.991 × 10−7 −2.432 × 10−5 −4.032 × 10−5 −9.810 × 10−6
100θs 2.104 × 10
−7 3.627 × 10−6 6.629 × 10−6 1.302 × 10−6
τreio 2.684 × 10
−4 4.725 × 10−4 7.052 × 10−5
ln(1010As ) 8.625 × 10
−4 1.184 × 10−4
ns 3.598 × 10
−5
Table 2. The inverse covariance matrix for the cosmological parameters, extracted from the "TT+lowP+lensing" model which is provided by the Planck
(Planck Collaboration et al. 2016a).
Planck CMB + CMB lensing. As mentioned in Section 1, the hy-
drodynamic simulations showed that the non-thermal pressure only
accounts for 5-20% of the mass bias. Remaining ∼ 15% of the mass
bias may be due to other effects such as the calibration error of
gas temperature in X-ray observations. Our best-fitting value of B
from the tSZ auto alone is smaller than that of Bolliet et al. (2018),
B = 1.71±0.17. It is because that the PlanckMCMC chain we used
includes the constraint from CMB lensing which prefers lower σ8
and Ωm (Planck Collaboration et al. (2016a)), while Bolliet et al.
(2018) used the CMB temperature fluctuation alone.
To test consistency of the data, we also perform a likelihood
analysis by using only the 2MRS-tSZ cross- and the 2MRS auto-
power spectra. The Figure 7 shows a constraint on the mass bias
from these two data sets. We find B = 1.75 ± 0.35 (mean and 1
σ) and the best-fitting model gives B = 1.55, which are consistent
with the results from the tSZ auto-spectrum alone. The fact that
these independent observations agree implies that a large value of B
compared to numerical simulations is not due to obvious systematics
in the tSZ data.
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Figure 6. Posterior distribution of the model parameters. The diagonal panels show the one-dimensional distribution marginalized over the other parameters.
The other panels show the two-dimensional contours of the parameters marginalized over the other parameters.
4.3.2 Mass tomography
Next, we treat αp as a free parameter to investigate the cluster
mass dependence of the electron pressure. The left panel of Figure
8 shows the constraints of B and αp marginalized over the other
parameters. When we only use the tSZ auto, αp strongly correlates
with B. Adding the cross power spectrum and the galaxy auto power
spectrum lifts degeneracy nicely, since the mass range traced by the
cross-power spectrum is different from the tSZ auto and they have
different dependence on αp as shown in Figure 4. Constraints from
the combined auto- and cross-power spectra are B = 1.53 ± 0.116
and αp = 0.031 ± 0.126 (mean and 1σ). This result is consistent
with a self-similar model, i.e., αp = 0.
If we assume that the tSZ clusters are in the (nearly) self-
similar state, the parameter αp can be translated into the mass
dependence of mass bias as B(M) ∝ M
−1.5αp
500c
. Our results suggest
that either the mass bias does not strongly depend on the halo mass
for self-similar relation, or the departure from self-similar relation
(αp = 0.12) cancels the mass dependence of B.
Figure 8 might give an impression that the tSZ auto and the
other spectra are in tension. To address this, in Figure 9 we compare
the best-fitting models from the tSZ auto alone and from the joint
analysis of all spectra. The best-fitting values are B = 3.08 and
αp = −0.58 for the tSZ auto alone, while B = 1.52 and αp = −0.07
for all the spectra combined. This difference is due to the non-
Gaussian terms in the covariance matrix. With the largely negative
value of αp , the tSZ auto-power spectrum and the non-Gaussian
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Base-line model +αp +ρ
Prior Mean 68% C.L. Mean 68% C.L. Mean 68% C.L.
B [0,2.5] 1.54 [1.44,1.63] 1.53 [1.41,1.61] 1.46 [1.31,1.59]
ACIB [0,10] 0.37 [0.25,0.51] 0.35 [0.23,0.49] 0.47 [0.32,0.65]
AIR [0,10] 2.41 [2.30,2.53] 2.35 [2.21,2.48] 2.44 [2.30,2.59]
ARS [0,10] 0.27 [0.00,0.32] 0.26 [0.00,0.31] 0.31 [0.00,0.37]
rmax/r200 [0,10] 4.39 [3.57,4.87] 4.97 [3.81,5.81] 4.60 [3.65,5.15]
rs,g/rs [0,10] 1.17 [1.08,1.25] 1.23 [1.14,1.39] 1.19 [1.10,1.28]
ln(M0) [5,15] 11.80 [11.69,11.90] 11.93 [11.78,12.16] 11.85 [11.71,11.95]
ln(M1) [5,15] 11.73 [11.62,11.87] 11.48 [11.13,11.82] 11.66 [11.54,11.85]
αg [0,10] 0.77 [0.73,0.81] 0.70 [0.59,0.78] 0.75 [0.70,0.80]
αp [-2,2] – – 0.03 [-0.11,0.11] – –
ρ [-3,3] – – – – 0.69 [-0.27,1.26]
Table 3. Best-fitting and 68% confidence regions of the model parameters. The range of flat priors are shown in the second column. For the cosmological
parameters we assumed multivariate Gaussian priors shown in Table 2.
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Figure 7. One-dimensional marginalized posterior distributions of the mass
bias B from the tSZ auto-power spectrum alone (orange) and the 2MRS-tSZ
cross-power spectrum combined with the 2MRS auto (blue). The parameters
for mass and redshift dependence of B, αp and ρ, are fixed at αp = 0.12
and ρ = 0.
terms of the covariance matrix at lower multipoles are suppressed.
It makes the error bars smaller and increases the chi-square, but at
the same time it decreases the log-determinant of the covariance
matrix. The chi-square and the log-determinant of the covariance
matrix are χ2 = 38.4 and ln |det Cov| = −1524.0 for the tSZ auto
alone, while χ2 = 28.8 and ln |det Cov| = −1507.7 for all the
spectra combined. Since the increase of chi-square is smaller than
the decrease of log-determinant, largely negative αp is favored in
the tSZ auto alone, though the best-fitting model to all the spectra
is a better fit in terms of the value of χ2.
4.3.3 Redshift tomography
Next, we treat ρ as a free parameter to investigate the redshift
evolution of the mass bias.
The fitting results are shown in the right panel of Figure 8. We
find B = 1.46 ± 0.14 and ρ = 0.97 ± 0.87(1σ) from the tSZ auto
alone, and B = 1.45± 0.14 and ρ = 0.69± 0.77 from the combined
analysis of all spectra.
As the ρ affects only high multipoles of the tSZ power spec-
trum, at which the contaminating sources have significant contribu-
tions to the Compton-Y auto-power spectrum, a constraint on ρ is
limited by the uncertainties of the amplitude of the contaminations.
Thus we could not put a tight constraint on ρ. Once the mass bias
at high redshift is determined, the 2MRS-tSZ cross would help to
constrain B and ρ.
5 SUMMARY AND CONCLUSIONS
In this paper, we have presented the first measurement of the 2MRS-
tSZ cross-correlation power spectrum, as well as results from a joint
likelihood analysis.
We find that the 2MRS-tSZ cross-power spectrum can be ex-
plained by the same parameter set that fits the tSZ auto-power
spectrum. From the joint analysis of the 2RMS auto-, tSZ auto-
and cross-power spectra, we found that the halo mass of Planck
clusters calibrated by X-ray observations should be 35% lower than
the true mass to reconcile with the cosmological parameters deter-
mined from the primordial CMB fluctuation and CMB lensing ob-
served by Planck (“TT+lowP+lensing”; Planck Collaboration et al.
2016a). This mass bias is larger than the predictions of numerical
simulations, 5–20%, indicating that the mass bias may not be due
only to the assumption of HSE, but also by the other effects such as
the calibration error inX-rayobservations.Alternatively, itmay have
a cosmological implication; namely, the value of σ8.1
8
Ω
3.2
m h
−1.7 is
actually lower than that inferred from the CMB data and theΛCDM
model, and may require new physics such as dark energy differ-
ent from the cosmological constant (Bolliet et al. 2018), massive
neutrinos, and so on.
We have also investigated the mass and redshift dependence of
the electron pressure profile by introducing free parameters, αp and
ρ. The cross-power spectrum significantly improves the constraint
on αp since the tSZ auto and cross-spectra have different mass
distributions and different dependence on αp , as shown in Figure
3 and 4. Joint fitting of the auto- and cross-power spectra gives
αp = 0.031±0.126 (mean and 1σ), which is consistent with the self-
similar state (αp = 0). On the other hand the cross power spectrum
does not help constrain the redshift evolution parameter ρ, since
the ρ affects only the high multipoles of the tSZ auto-power spectra
at which the contaminating sources dominate the signal. Once the
mass bias at high redshift is determined, the cross-power spectra
would help to constrain ρ and B at the local Universe. Constraint
from the combined auto- and cross-power spectra is ρ = 0.69±0.77,
suggesting that no strong redshift evolution of B is needed.
We thus have demonstrated that the joint analysis of the power
MNRAS 000, 1–14 (2017)
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Figure 8. Two-dimensional joint marginalized posterior distribution of the mass bias B, and the index of mass pressure relation αp (Left) and the redshift
evolution parameter ρ (Right). The constraints from the tSZ auto alone (red), the tSZ-2MRS cross combined with the 2MRS (gray), and the all auto- and
cross-spectra combined (blue) are shown with the 68%, 95%, and 99% confidence levels.
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Figure 9. The best-fitting tSZ auto-power spectrum determined from the tSZ auto-spectrum alone (Left) and the joint analysis of all the spectra (Right), leaving
αp as free. The contaminating sources are subtracted. The error bars include the non-Gaussian terms estimated from the best-fitting models given in Eq. (29).
spectra of the tSZ and galaxies is a useful tool to study the cluster gas
physics. By taking cross-correlations of the tSZ with various galaxy
samples having different mass and redshift range, we can obtain a
more detailed picture of the evolution of cluster gas. The detailed
understanding of the gas physics would then eventually enable us to
use the tSZ data for the cosmological analysis.
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APPENDIX A: EFFECTS OF THE MAP
RECONSTRUCTIONMETHODS
The Planck 2015 data release provide two Compton-Y maps,
namely, MILCA and NILC, which use different map reconstruc-
tion methods. Figure A1 shows the comparison of the tSZ auto- and
tSZ-2MRS cross-spectra estimated from both maps. For the tSZ
auto-spectra, we show the cross-power spectrum of NILC first and
last halves, MILCA first and last halves, and NILC first and MILCA
last halves. For the tSZ-2MRS cross-power spectra, we use the full
mission maps of MILCA and NILC. We find that all the spectra are
in agreement within the errors, where the errors are estimated by
the analytic formula described in Section 4.1. For the calculation
of the non-Gaussian terms, we use the best-fitting parameters tab-
ulated in Table 3. We conclude that the difference in the tSZ map
reconstruction method does not affect our results.
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Figure A1. (Top) The tSZ auto-power spectra measured from the NILC and
MILCA maps. The cross-power spectrum of the NILC first and last halves
(black filled squares), MILCA first and last halves (black open squares)
and NILC first and MILCA last halves (red open circles) are shown. The
contaminating sources are not subtracted. (Bottom) tSZ-2MRS cross-power
spectra measured from the full mission maps of NILC (filled squares) and
MILCA (open squares). The error bars are estimated by the analytic formula
as described in Section 4.1.
APPENDIX B: JACKKNIFE COVARIANCE
In Section 4 we used a covariance matrix obtained by the analytic
formula, eq.(27). In this section we compare it with the one obtained
by the Jackknife (JK) technique.
In the JK approach, we first divide the sky map into Nsub
subregions with roughly equal areas in the sky. Then the auto- and
cross-power spectra, Cˆ
AB,i
l
, are estimated while masking out the
ith patch of the sky. The covariance matrix is estimated from these
resampled power spectra as,
CovJK(CˆAB
l
, CˆAB
l′
) =
Nsub − 1
Nsub
Nsub∑
i=1
(Cˆ
AB,i
l
− C¯AB
l
)(Cˆ
AB,i
l′
− C¯AB
l′
),
(B1)
where C¯AB
l
= (1/Nsub)
∑Nsub
i=1
Cˆ
AB,i
l
is themeanof resampledpower
spectra.
We define the JK subregions by using the coarse HEALPix
map. In some of these subregions a large fraction of the area is
already masked out by the Galactic and point source mask, and
therefore the resampled power spectra are almost identical to the
one measured by using the whole region. Thus we decided not to
use subregions which are masked larger than 70% of the total area.
We checked the effect of this threshold and found that it does not
strongly affect the results.
In Figure B1 we compare the signal-to-noise ratio at each
multipole with the analytic error and the JK error. For the JK error,
we show two results with varying the size of subregions.
For the 2MRS auto-power spectrum, the analytic errors and
the JK error are consistent at large scales, suggesting there is no
unknown systematics which is not included in the analytic model.
On the other hand, the analytic errors are larger than the JK errors
by a factor of 2–3 at small scales. It might be due to the halo-
exclusion and non-linear effects, which complicates the shot noise
(Ando et al. 2018).
The analytic error for the tSZ-auto power spectrum is an order
of magnitude higher than the JK errors at large scales. This differ-
ence is due to non-Gaussian cosmic variance which is encoded in
the tri-spectrum term in eq.(27). On the other hand, the JK errors are
estimated from a single realization and cosmic variance cannot be
captured. The same trend is also seen in the tSZ-galaxy cross-power
spectrum but to much lesser extent.
We also performed parameter fitting with the JK covariance
matrix, with the same settings described in Section 4.2. For the
base-line model (i.e., fixed αp and ρ), the mean and 1σ error of
mass bias is B = 1.53 ± 0.07 for the tSZ auto and B = 1.51 ± 0.07
for the all power spectra, respectively. They are in agreement with
the results with analytic covariance, but with smaller error bars.
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